Traumatic brain injury (TBI) patients present on a spectrum from hypocoagulability to hypercoagulability, depending on the injury complexity, severity, and time since injury. Prior studies have found a unique coagulopathy associated with TBI using conventional coagulation assays such as INR; however, few studies have assessed the association of TBI and coagulopathy using viscoelastic assays that comprehensively evaluate the coagulation in whole blood. This study aims to reevaluate the TBI-specific traumainduced coagulopathy using arrival thrombelastography. Because brain tissue is high in key procoagulant molecules, we hypothesize that isolated TBI is associated with procoagulant and hypofibrinolytic profiles compared with injuries of the torso, extremities, and polytrauma, including TBI.
T raumatic brain injury (TBI) remains the leading cause of death following injury in the United States with 53,000 deaths annually due to TBI. 1, 2 Severe TBI is thought to independently contribute to a bleeding diathesis, and multiple studies have linked these coagulation abnormalities in TBI patients to an increased morbidity and mortality. [3] [4] [5] While trauma-induced coagulopathy (TIC) is strongly implicated in the pathogenesis of poor outcomes following trauma, how TBI contributes to TIC remains controversial.
Recently, several studies have questioned a link between TBI and TIC. Genét et al. 6 found that the addition of other injuries with TBI led to a coagulopathy, rather than TBI itself. Similarly, Lee et al. 7 found that TBI was not independently associated with coagulopathy and that TIC resulted from a combination of tissue injury and shock rather than a particular injury pattern. However, few studies have evaluated TIC secondary to TBI using modern viscoelastic assays, such as thrombelastography (TEG).
Traumatic brain injury has been associated with systemic hyperfibrinolysis based on non-specific markers, such as fibrin degradation products. [8] [9] [10] On the other hand, TBI has been linked to a higher rate of venous thromboembolic (VTE) events, with some studies finding that over 50% of TBI patients develop a deep venous thrombosis (DVT). 11, 12 Moreover, studies have shown that the brain tissue is rich in procoagulants, namely tissue factor, 13, 14 and that upon systemic release, these procoagulants trigger a hypercoagulable state. [15] [16] [17] Recent investigations suggest that the fibrinolysis resistance (fibrinolytic shutdown) that develops from the postinjury hypercoagulable state is associated with a higher risk of macro and microthromboembolic events including VTE, acute lung injury, and multiple organ failure (MOF). 18 Our aim was to compare coagulation phenotypes in severely injured patients with and without isolated TBI. Given the richness of procoagulants within the brain, we hypothesize that severe TBI is associated with increased clot strength and diminished fibrinolysis.
METHODS

Setting and Participants
This is a retrospective review of our prospective Trauma Activation Protocol (TAP) database. This database includes adults (age, ≥18 years) meeting criteria for trauma activation, the highest trauma designation, and for whom a TEG was obtained within 1 hour postinjury prior to any blood transfusions, at the Ernest E Moore Shock and Trauma Center at Denver Health, an American College of Surgeons verified and Colorado state certified Level I trauma center. The TAP study was approved by the Colorado Multiple Institution Review Board (13-3087) and performed under waiver of consent for emergency research with minimum risk.
Participants
The trauma activation criteria at Denver Health are: (1) Glasgow Coma Scale (GCS) score less than 9 with mechanism attributed to trauma; (2) respiratory compromise, obstruction and/or intubation with mechanism attributed to trauma; (3) any injury with systolic blood pressure (SBP) less than 90 mm Hg; (4) mechanically unstable pelvic injury; (5) penetrating injuries to the neck and/or torso with SBP less than 90 mm Hg; (6) gunshot wound penetrating the neck/torso or stab wounds to the neck, torso, or extremity proximal to elbow or knee; (7) amputation proximal to the ankle or wrist or (8) fall greater than or equal to 30 ft; (9) the emergency medicine attending or chief surgical resident suspects the patient is likely to require urgent operative intervention.
For this analysis, we included only patients with New Injury Severity Score (NISS) greater than or equal to 9. Exclusion criteria for this study were: transfers from other hospitals, known chronic liver disease, inherited coagulation dysfunction, or anticoagulant use prior to injury.
Severe TBI was defined as the maximum Abbreviated Injury Scale (AIS) score of all the AIS score of the head body region greater than 2 plus admission GCS score less than 9.
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Patients were categorized into three groups, based on injury patterns: 1) Isolated TBI (I-TBI): Severe TBI plus AIS score less than 3 for all other body regions; 2) TBI with polytrauma (TBI + Torso/Extremities): Severe TBI and at least one AIS score greater than 2 for other body regions; and 3) Isolated Torso/Extremities (I-TORSO/EXTREMITIES): no severe TBI and at least one AIS score greater than 2 for other regions. Twenty-nine patients (4.8% of the TAP cohort of 601 patients) with AIS head score of 3 or greater but with GCS score of 9 or greater and minor torso injuries could not be classified into any of the three groups and were excluded (see CONSORT diagram in Fig. 1 ).
Procedures
Whole blood samples were collected in citrated vacuum tubes in the field by paramedics or upon presentation to the emergency department (ED) from April 2014 to April 2018. 20 Conventional coagulation assays were obtained simultaneously with TEGs. TEG values indicative of coagulopathy were defined using previously defined cutoffs as: ACT >128 seconds, MA <55 mm, angle <65 degrees. 21 To determine fibrinolysis phenotypes, we used cutoffs derived for this specific population as follows: fibrinolysis shutdown (SD) LY30 < 0.6%, or and hyperfibrinolysis (LY30, ≥ 7.7). 23 The cutoff for FFLEV was less than 356 mg/dL. 22 Cutoffs for conventional coagulation assays were: prothrombin time/international normalized ratio (INR) greater than 1.3 and activated partial thromboplastin time (aPTT) > 30 seconds. 23 
Outcomes and Covariates
The primary outcomes were abnormal TEG and conventional coagulation assay (INR, aPTT) values, while secondary outcomes included ventilator-and intensive care unit-free days, symptomatic VTE, and mortality. 24 According to the guidelines by the American College of Chest Physicians our institution does not conduct routine VTE surveillance in trauma patients, except for those at high risk for VTE (e.g., pelvic factures and head injuries). 25 
Statistical Analysis
Univariate analysis was conducted using t tests, Wilcoxon tests, analysis of variance or Kruskal-Wallis for numeric variables depending on whether the variable was normally distributed or skewed. Chi-square and Fisher exact tests were used for categorical variables. Multivariate analysis was conducted using Poisson regression with robust standard errors. The risk was expressed in relative risk with 95% confidence intervals (CI). Multicollinearity was tested with variance inflation factor, which was always less than 1.2 (i.e., not important) with the dichotomized TEG values as well as conventional coagulation tests (INR and aPTT) as the dependent variables and a threecategory dummy variable denoting injury patterns (with I-TBI as the reference group) as the effect of interest. The potential confounders (age, sex, body mass index [BMI] > 30 kg/m 2 , blunt mechanism, NISS, arrival SBP, time from injury to hospital arrival, volume of crystalloids prior to hospital arrival) were chosen based on previous evidence of association with TIC and/or statistically significant association in univariate analysis. [26] [27] [28] [29] We also performed a statistical decomposition, which allows the investigator to assess the contribution of individual confounders to an association of interest. For this analysis, we limit the comparison to only the categories I-TBI and I-TORSO/EXTREMITIES (thus excluding the mixed category TBI + TORSO/EXTREMITIES). We conducted two types of decompositions, namely a Blinder-Oaxaca decomposition (BOD) and a propensity score matching (PSM) for the TEG values with a significant difference by injury pattern category.
The BOD method, widely used in econometrics, has been underused in surgery research. 30, 31 In brief, this regressionbased decomposition method partitions the gap in an outcome of interest between two groups into "explained" (part of the gap defined by the covariates) and "unexplained" (part of the gap not accounted for any of the include covariates) portions. For example, in the case of the gap in wages between men and women, variables such as age, income, and education explained some of the wage gap, while some of it remained unexplained, which was attributed to discrimination. In the present study, we used this technique to examine whether variables known to affect coagulation tests (such as NISS, SBP, etc.) explained the gap in TEG values between patients with and without severe TBI. For the BOD decomposition, TEG values were analyzed as continuous. Specifically, for LY30, given substantial skewness, we used a log transformation (adding 0.01 to avoid zero values) to approximate normality. The other TEG values (ACT, MA, and angle) had a close to normal distribution and did not require transformations.
For the PSM decomposition, we developed a propensity score for I-TBI using a logistic regression model with the following variables: age, sex, BMI greater than 30 kg/m 2 , blunt mechanism, NISS, admission SBP, hemoglobin, time from injury to ED, and volume of crystalloids (ml) received prior to hospital arrival. We matched I-TBI patients to up to two nearest neighbors I-TORSO/EXTREMITIES within a maximum caliper of 0.15. We then compared the difference between I-TBI AND I-TORSO/EXTREMITIES in TEG values in the original dataset and in the matched dataset. The portion of the difference that is diminished in the matched dataset is therefore "explained" by the matching variables. It should be noted that, compared with the PSM method, BOD allows the use of the entire sample and the assessment of the influence of each individual covariate on the gap between the groups, as opposed to PSM, in which we can only evaluate the collective role of the covariates.
Numerical variables were expressed as median (lower quartile-upper quartile). All statistical tests were two-tailed with significance declared at p value of 0.05 or less. Statistical analysis was conducted using SAS version 9.4 (SAS Inc., Cary, NC) and Stata (StataCorp LLC, College Station, TX).
Power Analysis
Assuming 80% power and 95% confidence, the sample was powered to detect a minimum absolute difference of 19 percentage points in the incidence of abnormal TEG values between the I-TBI and I-TORSO/EXTREMITIES groups (PASS 14 -Power Analysis and Sample Size Software (2015), NCSS, LLC. Kaysville, UT, ncss.com/software/pass).
RESULTS
A total of 572 patients were included, of whom, 48 (8.4%) were classified as I-TBI, 45 (7.9%) as TBI + TORSO/EX-TREMITIES, and 479 (83.7%) as I-TORSO/EXTREMITIES. The characteristics and outcomes of the study sample by injury pattern are shown in Table 1 . The three groups had similar age and sex distribution. Blunt mechanism was more frequent in the two TBI groups, and I-TORSO/EXTREMITY patients were less severely injured and had a lower mortality. The incidence of symptomatic VTE was not significantly different between the three groups, although it was higher in patients in the TBI+ TORSO/EXTREMITIES group.
Coagulopathy as Measured by TEG and Conventional Coagulation Tests
The three groups differed in ACT, angle, MA, FFLEV, INR, and aPTT but not in LY30 (Table 1 ). Multivariate models (Table 2) confirmed that severe TBI was independently associated with an abnormal ACT (RR, 1.53; 95% CI, 1.08-2.16), Decomposition of the Difference in ACT, Angle, FFLEV and aPTT Between I-TBI and I-TORSO/EXTREMITIES by the BOD Method Table 3 shows the BOD for abnormal ACT, angle, FFLEV and aPTT. The variables with a negative percentage indicate that, were the I-TBI and I-TORSO/EXTREMITIES groups identical regarding that variable's value, the gap would be even larger. In contrast, positive percentages indicate that, had I-TBI and I-TORSO/EXTREMITIES groups been identical regarding that variable's value, the gap would be smaller, i.e., these variables explain some of the gap. For example, if both groups had the same incidence of blunt injuries, the gap in abnormal ACT between I-TBI and I-TORSO/EXTREMITIES would be reduced by 5.3 percentage points or in other words, the difference in blunt injury rates among the two injury patterns explained 5.3 percentage points of the difference in abnormal ACT. Overall, the confounders explained less than five percentage points of any of the differences, suggesting factors other than these variables explained the differences between the two groups.
Decomposition of the Difference in ACT, Angle, and LY30 Between I-TBI and I-TORSO/EXTREMITIES by the PSM Method
The PS model had excellent discrimination (area under the receiver-operating characteristics curve, 0.84; 95% CI, 0.77-0.91). Matching by the PS resulted in comparable groups regarding the covariates in the PS model (Table 4) . Overall, the propensity score including the above-mentioned covariates did not explain any part of the difference in the incidence of abnormal ACT, angle, FFLEV or aPTT (Fig. 2) . Indeed, the gaps in matched patients were even larger, further suggesting that minimal or none of the disparity was due to the confounders accounted for in this analysis.
DISCUSSION
Our study aimed to define the association between TBI and TIC by evaluating the association of TBI with the multiple stages of clot formation and degradation. Similar to prior studies which used prothrombin and partial thromboplastin time, this study found that TBI is associated with abnormalities in clot formation as indicated by an abnormal ACT and angle. The association with an abnormal angle may be explained by a difference in fibrinogen levels, as isolated TBI was also associated with an abnormal FFLEV. However, while the abnormal angle is most often associated with fibrinogen levels, other contributing factors to the TEG angle in the setting of TBI such as FXIII levels and clot altering metabolites remain largely unexplored. 20 Importantly, while previous studies that linked TBI with hyperfibrinolysis used older, less comprehensive assays, this study demonstrated that the hyperfibrinolytic phenotype was found in a minority of patients with I-TBI and in those with TBI and other injuries. Thus, we found no evidence that TBI contributes to a hyperfibrinolytic phenotype. Both decompositions suggested that the effect of TBI in the abnormal TEG values was largely independent of the assessed covariates. While it is conceivable that unmeasured confounding may be at play, it is likely that a substantial part of the TBI-associated effect is due to the TBI itself and not due to confounding.
Mechanistically, how TBI contributes to these coagulation phenotypes remains unclear. The coagulopathy associated with TBI has been attributed to a multitude of causes including platelet dysfunction, endothelial activation, and inflammatory mediators. 32 The most oft touted explanation of TBI's coagulation Negative variables: if these variables' values were similar in I-TBI and I-TORSO the differences in abnormal ACT, Angle, FFLEV, aPTTwould be even greater (i.e., they do NOTexplain the observed differences)
Positive variables: if these variables' values were similar in I-TBI and I-TORSO the differences in abnormal ACT, Angle, FFLEV, aPTT would be smaller (i.e., they explain the observed differences) phenotype is the systemic release of brain-derived tissue factor following injury, resulting in the initiation and resultant consumption of clotting factors. 33 The central nervous system is especially rich in tissue factor, and following injury and disruption of the blood brain barrier, tissue factor is released into the systemic circulation. 34, 35 However, one would expect a consumptive mechanism, such as that associated with tissue factor release, would trigger a hypercoagulable state in the early part following injury. Therefore, while this consumptive process is congruent to findings presented here, such a rapid consumption of clotting factors capable of triggering alterations in clotting in a matter of an hour or less is somewhat unexpected.
A separate possibility is the activation of Protein C, a potent regulator of coagulation and fibrinolysis. Activated protein C is known to inactivate plasminogen activator inhibitor 1 (PAI-1), triggering a hyperfibrinolytic state. 36 A study by Cohen et al., 3 however, found that without tissue hypoperfusion, the severity of TBI was not associated with differences in activated protein C levels. Other studies have found a similar association with hypoperfusion and coagulopathy. 37 This raises the potential that in many TBI patients with other injuries, hypoperfusion and shock drive coagulopathy and increase the risk of poor outcomes more than TBI itself.
One animal study using a murine model found that tissue plasminogen activator (tPA) and urokinase plasminogen activator, both proteases that cleave plasminogen into plasmin, are upregulated in TBI; however, they found that peaks of each occurred at different times postinjury. Specifically, Hijazi et al. 38 found that tPA peaked immediately postinjury and then rapidly decreased, whereas urokinase plasminogen activator experienced a delayed and slower increase with maximum plasma concentrations occurring at 9 hours after injury. This study supports a growing belief that fibrinolysis after TBI is time-dependent, and that interventions aimed at treating TBI-associated fibrinolytic dysregulation should consider these time-dependent changes.
Overall, this finding has widespread clinical implications, particularly since management of TIC in a TBI patient, from anticoagulation to antifibrinolytics, remains controversial. Although the CRASH-2 study found a survival benefit with tranexamic acid (TXA) in the first 3 hours with no increased risk of complications, 39 a nested analysis of this large multinational trial showed no benefit associated with TXA among patients with TBI. 40 Our findings suggest that the great majority of TBI patients would not benefit from an antifibrinolytic agent such as TXA. However, this study failed to find an association with TBI and VTE events. This is possibly a reflection of the lack of routine surveillance for subclinical VTE events at this institution across all trauma patients. Still, other studies which used surveillance methods and larger national studies that used an aggregate of TBI patients across many centers both demonstrated an association between TBI and VTE events. 12, 41, 42 Given the intrinsic risk of TBI for VTE, further inhibition of clot degradation via an antifibrinolytic is likely to enhance the risk and with little benefit given the lack of an association between TBI and hyperfibrinolysis.
Given these findings, a more effective approach may be to condition the start of antifibrinolytic therapies to the results of the viscoelastic assays. Indeed, our group has previously shown in a randomized clinical trial the effectiveness of TEG-driven resuscitation. 43 Importantly, this study used LY30 cutoffs that differed from those previously reported. 22 New cutoffs were defined using a larger cohort with the same methods as previously used, albeit without the exclusion of mildly injured patients (NISS<15).
Although many centers do not use TEG, and oftentimes a patient's condition mandates the use of empiric therapies, the finding that TBI is associated with both an abnormal angle and hypofibrinogenemia suggest early empiric administration of cryoprecipitate may prove to be an effective measure to treat TIC in patients with isolated, severe TBI. Currently, cryoprecipitate is infrequently used in the resuscitation of severely injury trauma patients. The PROMTT study demonstrated such low utilization and was unable to demonstrate an association between cryoprecipitate and mortality likely due to the small sample size. 44 Indeed, the MATTERs II study found an association with severely injured patients receiving cryoprecipitate and improved survival. 45 To date, the effect of early administration of cryoprecipitate in TBI patients on postinjury adverse outcomes have not been evaluated. Our findings suggest that a prospective study evaluating the use of cryoprecipitate in TBI is warranted.
This analysis contains several limitations. First, while the multivariate analysis attempts to overcome the most significant confounding variables such as degree of shock and injury severity as well as time from injury to hospital arrival, unmeasured confounders may account for differences between groups. Second, we used different cutoffs than previously described, 22 which were derived for patients with Injury Severity Score greater than 15. Here, we instead used cutoffs derived from patients regardless of Injury Severity Score; however, when conducting the same analysis using the previous cutoffs, the results were remarkably similar (data not shown). Finally, the effects of coagulopathy may differ between different intracranial injury patterns (i.e., 
CONCLUSION
Overall, using viscoelastic measures of clot formation, we found that isolated TBI is independently associated with abnormalities in the rapidity of clot initiation, fibrin cross-linking, and hypofibrinogenemia as well as deficiencies in the intrinsic pathway, but no abnormalities in fibrinolysis. These patients may benefit from early replacement of fibrinogen. With the use of TEG or other viscoelastic coagulation point-of-care measures, we can ultimately provide individually tailored, effective hemostatic therapy for severe TBI patients.
